The measured masses of the Higgs boson and top quark indicate that the effective potential of the standard model either develops an unstable electroweak vacuum or stands stable all the way up to the Planck scale. In the latter case in which the top quark mass is about 2σ below its present central value, the Higgs boson can be the inflaton with the help of a large nonminimal coupling to curvature in four dimensions. We propose a scenario in which the Higgs boson can be the inflaton in a five-dimensional Gauss-Bonnet braneworld model to solve both the unitarity and stability problems which usually plague Higgs inflation. We find that in order for Higgs inflation to happen successfully in the Gauss-Bonnet regime, the extra dimension scale must appear roughly in the range between the TeV scale and the instability scale of standard model. At the tree level, our model can give rise to a naturally small nonminimal coupling ξ ∼ O(1) for the Higgs quartic coupling λ ∼ O(0.1) if the extra dimension scale lies at the TeV scale. At the loop level, the inflationary predictions at the tree level are preserved. Our model can be confronted with future experiments and observations from both particle physics and cosmology.
The measured masses of the Higgs boson and top quark indicate that the effective potential of the standard model either develops an unstable electroweak vacuum or stands stable all the way up to the Planck scale. In the latter case in which the top quark mass is about 2σ below its present central value, the Higgs boson can be the inflaton with the help of a large nonminimal coupling to curvature in four dimensions. We propose a scenario in which the Higgs boson can be the inflaton in a five-dimensional Gauss-Bonnet braneworld model to solve both the unitarity and stability problems which usually plague Higgs inflation. We find that in order for Higgs inflation to happen successfully in the Gauss-Bonnet regime, the extra dimension scale must appear roughly in the range between the TeV scale and the instability scale of standard model. At the tree level, our model can give rise to a naturally small nonminimal coupling ξ ∼ O(1) for the Higgs quartic coupling λ ∼ O(0.1) if the extra dimension scale lies at the TeV scale. At the loop level, the inflationary predictions at the tree level are preserved. Our model can be confronted with future experiments and observations from both particle physics and cosmology.
I. INTRODUCTION
The recently released Planck 2015 data [1] provide growing evidences that our observable universe has experienced an inflationary era, stretching the primordial quantum fluctuations to the cosmic size, leaving distinct imprints on the Cosmic Microwave Background Radiation and seeding the formations of cosmic structures. The current favoured inflationary scenarios [2] are those single-field slow-roll inflationary models, where the scalar field plays the role of inflaton. Despite the phenomenological success of inflation, there is growing theoretical interest to connect inflation with the low-energy particle physics, among which Higgs inflation is the most attractive model due to its minimality.
Higgs inflation [3] makes use of a nonminimal coupling ξ of the standard model (SM) Higgs boson to fourdimensional Einstein gravity. At the high-energy scale, the Higgs boson is decoupled from SM and slowly rolls down an exponential plateaulike potential in the Einstein frame. The Planck normalization requires a large nonminimal coupling ξ 5×10 125 GeV and vacuum expectation value (VEV) v 246 GeV. At intermediate energy scale where preheating [4] /reheating [5] came to play, the Higgs boson oscillates along a quadratic potential and decayed into SM particles. At the low-energy scale, the potential is transited into the usual SM quartic potential. The cosmological predictions of Higgs inflation can fit the Planck 2015 data well and exhibit insensitivity to its reheating processes [6] . However, there are two major problems plaguing Higgs inflation: the unitarity * cairg@itp.ac.cn † guozk@itp.ac.cn ‡ schwang@itp.ac.cn problem and the stability problem.
The stability problem [7, 8] states that: for a successful Higgs inflation, the top quark mass is required to be about 2σ below its present central value for the measured Higgs mass. The stability problem of Higgs inflation shows that there is a potential tension between constraints from particle physics and those from cosmology. To stabilize the SM electroweak (EW) vacuum in Higgs inflation, one either introduces new particles thresholds such as scalar fields [9] [10] [11] [12] , fermion fields [13] [14] [15] and vector field [16] , or invokes new physics such as asymptotically safe Higgs inflation [17] [18] [19] [20] . It is worth noting that Higgs inflation can also be realized [21] in the case of a metastable EW vacuum if one takes into account the unknown finite parts of counterterms and finite temperature corrections to the effective potential.
The unitarity problem [22] [23] [24] [25] [26] [27] [28] [29] [30] states that: the treelevel analysis is already invalid even before Higgs inflation can take place at the scale M P / √ ξ due to unitarity violation at the scale M P /ξ by naive power-counting. Restoring unitarity above M P /ξ introduces either new particles or new interactions, both of which might spoil the flatness of the inflationary potential in an uncontrollable manner. There are three ways to address the unitarity problem: First, introducing new interactions such as new Higgs inflation [31] , unitary Higgs inflation [32] , the Higgs σ model [33] , and its variant [12] . However, there is no guarantee [28] whether the quantum corrections of these new interactions are under control. Second, recognizing the background dependent cutoff [27, 29, 30] above which the strong dynamics should enter to restore unitarity. However, there is also no guarantee [28] whether the strong dynamics would call for new physics. Third, finetuning the Higgs mass and top quark mass to achieve an extremely small Higgs quartic coupling around the Planck scale as in the case of critical Higgs inflation [34] [35] [36] [37] [38] . However, an unnaturally small λ requires the top quark mass being about 2σ below its present cen-tral value, and ξ can only be made of O(1) if one allows a large r 0.1 in direct conflict with Planck 2015 TT, TE, EE + lowP constraints [1] . We report in this paper an alternative: extra dimensions.
The idea of extra dimensions stemmed from the attempt by Kaluza and Klein to unify the gravitational and electromagnetic interactions. Although the idea failed, the formalism survived. Later it was found that string theory can only be defined consistently in higher dimensions while the compactification scale is too high to be tested experimentally. However, the large extra dimension scenarios renewed the interest of extra dimensions in Arkani-Hamed, Dimopoulos and Dvali (ADD) model [39, 40] and Randall and Sundrum (RS) models [41, 42] , and opened new door to tackle those profound mysteries in particle physics and cosmology. In five dimensions, it is natural to include the Gauss-Bonnet term for four reasons: First [43] , it presents an unique combination of a second order symmetric and divergence-free tensor that can lead to second order field equations in bulk metric components. Second [44] , it arises in the heterotic string theory as next-to-leading order corrections with the Gauss-Bonnet coupling identified with Regge slope. Third [45] , it leads to ghost-free nontrivial gravitational self-interactions for dimensions higher than four. Fourth [46] [47] [48] [49] [50] [51] [52] , the zero mode of graviton is localized on the brane at low energy with only two independent degrees of freedom corresponding to the usual four-dimensional graviton. As a result, there are extensive studies on the Gauss-Bonnet braneworld scenario.
In this paper, we realize Higgs inflation in the fivedimensional Gauss-Bonnet braneworld cosmology. We find that, for Higgs inflation happened in the GaussBonnet regime, the combined parameter λ/ξ 2 could increase many orders of magnitudes with decreasing energy scale of the extra dimension, and the extra dimension scale must appear roughly in the range between the TeV scale and the SM instability scale. For the extra dimension scale near the TeV scale, the nonminimal coupling can be made of ξ ∼ O(1) for the Higgs quartic coupling λ ∼ O(0.1) with tensor-to-scalar ratio r ∼ 10 −12 safely inside Planck 2015 TT, TE, EE + lowP bound r 0.1. The prediction of scalar spectral index 0.960 n s 0.968 and its running −0.0008 α s −0.0005 remains almost the same as in the four-dimensional case for all possible extra dimension scale. Furthermore, the inflationary predictions are preserved beyond tree-level analysis. This paper is organized as follows. In Sec. II, We review the general formalism of the five-dimensional Gauss-Bonnet braneworld scenario. In Sec. III, we propose Higgs inflation in the five-dimensional GaussBonnet braneworld model. In Sec. IV, the tree-level results are summarized. In Sec. V, we go beyond treelevel analysis. The last section is devoted to conclusions.
II. GAUSS-BONNET BRANEWORLD COSMOLOGY
We briefly review in this section the general formalism of the five-dimensional Gauss-Bonnet braneworld scenario.
The total action of the Guass-Bonnet braneworld model reads (we neglect possible boundary terms)
which contains a five-dimensional anti-de Sitter (AdS) bulk with a negative cosmological constant Λ 5 and a fourdimensional Friedmann-Robertson-Walker (FRW) brane with a positive tension m 4 σ . The confined matter field with Lagrangian density L matter can be approximated as the perfect fluid by assumption. The Gauss-Bonnet term is weighted by α, which should be positive in the view of stringy generalisation of general relativity for EinsteinGauss-Bonnet gravity. We will see that the Planck scale M 4 (κ 
which can be induced from the AdS bulk metric,
by requiring
with respect to the embedding coordinates τ (t) and a(t). Therefore, the scale factor a(t) on the brane can be interpreted as the motion of brane a(τ ) in the bulk. Here γ ij describes a maximally symmetric 3-hypersurface with spatial curvature constant k 3 = 0, ±1 and f (a) can be solved for pure AdS spacetime [53, 54] as
where µ has two branches for α > 0,
and the negative branch of (6),
has the RS limits Λ 5 = −6µ 2 by taking α → 0. µ is usually associated with bulk curvature scale |R 5 | ∼ µ 2 . Introducing a dimensionless Gauss-Bonnet coupling β ≡ 4αµ 2 , then the subdominated Gauss-Bonnet term α|R
The negative bulk cosmological constant Λ 5 < 0 requires β < 2 from (7) and the negative branch 1 − 4αµ 2 < 0 requires β < 1 from (6). The modified FRW equation now reads [55, 56] 
To match the standard cosmology on the brane with a vanishing cosmological constant in the limits
with which the modified FRW equation (8) becomes
(10) The modified FRW equation (8) can also be rewritten in terms of a dimensionless parameter x as [57]
where (we adopt the convention κ
is a characteristic Gauss-Bonnet energy scale. Recalling that the Randall-Sundrum energy scale now reads
one can classify the evolution of brane universe into three regimes: the five-dimensional Gauss-Bonnet (GB) regime for ρ m 4 α with modified FRW equation
the five-dimensional Randall-Sundrum (RS) regime for m 4 α ρ m 4 σ with modified FRW equation
and the five-dimensional general relativity (GR) regime for m 4 σ ρ with normal FRW equation
In the high Hubble scale H 2 /µ 2 1, the modified FRW equation (10) describes the GB regime (15) , while in the low Hubble scale H 2 /µ 2 1, the modified FRW equation (10) describes the GR regime (17) . The RS regime emerges when the RS energy scale is smaller than the GB energy scale m σ < m α , which is β 0.151. We will set β 0.151 from now on to simplify the evolution of brane universe with GB regime followed immediately by GR regime. The full evolution of the brane universe is presented in Fig. 1 with several typical choices of β.
III. HIGGS INFLATION IN THE GAUSS-BONNET BRANEWORLD
We first review the Higgs inflation in four-dimensional Einstein gravity. The action in the Jordan frame is
where 
and field redefinition dχ dh
one has the action in the Einstein frame
where
Here we have used the large field solution
Then we uplift the Ricci scalar curvature in (21) as if it is reduced from the five-dimensional Gauss-Bonnet gravity when the extra dimension emerges at the highenergy scale. The action of our model then reads by choosing the matter field Lagrangian on the brane in (1) as the canonically normalized Higgs field,
It is worth noting that, unlike previous works [58] / [59] where a bulk/brane scalar field nonminimally coupled to The vertical and horizontal axis describe the inflationary Hubble scale H 2 /µ 2 and energy density scale ρ/µ 2 on the brane, respectively, for a given extra dimension scale µ. With decreasing β from 1 to 0, the GB regime is pushed toward to even higher energy scale and the RS regime grows slowly to finally dominate after its emergence when GB energy scale finally wins over the RS energy scale.
bulk/brane curvature in the Jordan frame, the canonically normalized Higgs field χ in the Einstein frame is minimally coupled to the five-dimensional Gauss-Bonnet gravity in our model. We argue that the action (1) with (23) is actually a natural choice from effective field theory perspective. At the low-energy scale, the extra degrees of freedom due to the presence of the extra dimension should be integrated out and the physics should be well described by SM with a nonminimal coupling term. When the energy scale increases, the physical Higgs boson starts to decouple from SM, and it is the canonically normalized Higgs field that plays the role of inflaton. Therefore, the effect of the Gauss-Bonnet braneworld needs to be accounted for only when one goes to higher energy in the Einstein frame if extra dimension really exists. Thus we directly uplift the curvature term in (21) as if it is reduced from the five-dimensional Gauss-Bonnet gravity at leading order.
Then the inflationary predictions [60] can be carried out directly just as those been done in [61] : First, solving Hubble parameter from modified FRW equation (10) by replacing ρ with U (χ), and calculating slow-roll parameters [62] 
to find the endpoint χ end of inflation by solving max[ (χ end ), |η(χ end )|] = 1. Second, solving χ N and λ/ξ 2 from the combined equations [60] :
for given e-folding number N and Planck normalization ln(10 10 A s ) = 3.094. Third, with χ N and λ/ξ 2 solved above, we can easily get the scalar spectral index
its running
and the tensor-to-scalar ratio r = A t /A s , where the amplitude of gravitational wave is given by [60] A
with suppression factor
The pivot scale is chosen as k = 0.05Mpc −1 and the efolding number is taken in the range N = 50 ∼ 60.
IV. TREE-LEVEL RESULTS
In Fig. 2 , we present various characteristic features of Higgs inflation with respect to the energy scale µ of the extra dimension in the Gauss-Bonnet braneworld.
The first result is that the extra dimension scale must be below the SM instability scale in order to have Higgs inflation in the GB regime. This can be seen from the first panel in Fig. 2 : the GB regime with H/µ 1 is found for log 10 (µ/M 4 ) −6, which is roughly the energy scale µ 10 12 GeV where the Higgs quartic coupling would become negative. This result can also be derived formally as follows: in the GB regime one can use the modified FRW equation (15) in the Planck normalization (26) and find that
Since χ N 5M 4 from the second panel of Fig. 2 , one immediately obtains
The second result is that the energy scale of the extra dimension lies below not only the SM instability scale but also the inflationary Hubble scale in the GB regime. This can be seen from the third panel of Fig. 2 where the purple line is obtained by µ = H. The GB regime lies in the left hand side of purple line, where the extra dimension scale is less than the inflationary Hubble scale. Therefore, there might be KK modes excited during inflation and one should worry about whether these KK modes would spoil the flatness of inflationary potential. Fortunately, the spectrum of KK modes consists only of the massless four-dimensional graviton and a continuum of states with mass [60] 
larger than the inflationary Hubble scale, which is too heavy to be excited during inflation in any real processes. And those scattering processes involving these heavy KK modes running in the loops are highly suppressed by their mass in the propagators. Therefore the flatness of inflationary potential is preserved. However, the GR regime lies in the right hand side of purple line, where the extra dimension scale is above the inflationary scale. Therefore, the extra dimension is invisible for the Higgs boson during inflation, thus Higgs inflation in the five-dimensional GR regime is effectively the same as four-dimensional Higgs inflation, and this is why we are not interested in Higgs inflation in GR regime. The third result is that the Hubble scale remains almost unchanged during inflation in the GB regime. This can be seen from the third panel of Fig. 2 where H start ≈ H end for a given µ in the GB regime. This can be understood as follows: On the one hand, we can see from the second panel of Fig. 2 that, the field values during inflation in the GB regime are deeper into the exponential plateaulike potential than in the GR regime; therefore, the potential change is rather small during inflation. On the other hand, the modified FRW equation
in the GB regime suppresses the contributions to Hubble parameter from the potential changes. In general, the inflationary Hubble scale is
The fourth result is that the extra dimension scale must be above TeV scale. This can be seen from the last panel of Fig. 2 where we require that the inflationary Hubble scale is below the five-dimensional Planck scale
It is consistent with the requirement that the energy density on the brane should be limited by the induced fourdimensional Planck scale ρ inf M 4 4 , which also leads to µ 1 TeV. For the extra dimension scale µ ∼ 1 TeV, the five-dimensional Planck scale M 5 ∼ 1.7 × 10 13 GeV is very closed to the inflationary Hubble scale (34) . With the upper bound (32), the five-dimensional Planck scale can also be bounded from above, namely,
In Fig. 3 we present the combined parameter λ/ξ 2 for Higgs inflation with respect to the extra dimension scale µ in the Gauss-Bonnet braneworld. In the GR regime with modified FRW equation (17), the combined parameter
remains almost the same as in the four-dimensional case.
In the GB regime, λ/ξ 2 surprisingly increases many orders of magnitudes with decreasing the extra dimension scale. However, with modified FRW equation (15) , the product 12 GeV. In the second panel, the field values at the start/end point of inflation remain constant in the GR regime but increase significantly in the GB regime. However, the field excursion of inflation is about 5M4 for all µ. In the third panel, the inflationary Hubble scales are shown with respect to the extra dimension scale. In the left hand side of purple line where the inflationary Hubble scale equals to the extra dimension scale, the extra dimension scale appears below the inflationary Hubble scale. In the last panel, we summarize several typical energy scales with respect to the extra dimension scale. remains constant with decreasing the extra dimension scale in GB regime. In the case with the extra dimension scale near the TeV scale, which is of interest in experiments, λ/ξ 2 can achieve order O(0.1), which can be made by
This naturally solves the unitarity problem without finetuning λ and violating Planck 2015 TT, TE, EE + lowP bound r 0.1 as shown shortly below.
Next we explain why we are only interested in Higgs inflation in the GB regime instead of the RS regime. In the GB regime, the requirement that the inflationary Hubble scale is below the five-dimensional Planck scale,
namely,
is satisfied as long as the extra dimension scale being just larger than the TeV scale. However, if we allow β to take other values near 0, then Higgs inflation can also take place in the RS regime with modified FRW equation (16) , which can give
To naturally solve the unitarity problem, one needs λ/ξ 2 being of order O(0.1), which requires both the extra dimension scale and inflationary Hubble scale being extremely near the four-dimensional Planck scale. Therefore, Higgs inflation in the RS regime is less interesting than in the GB regime from experimental point of view.
In Fig. 4 we present inflationary predictions of n s , r, and α s for Higgs inflation in the Gauss-Bonnet braneworld. Both 0.960 n s 0.968 and −0.0008 α s −0.0005 are stable against the change of the extra dimension scale. Only in the GR regime r ∼ 10 −3 as in the four-dimensional case. In the GB regime r drops significantly with the decreasing extra dimension scale. Unlike critial Higgs inflation [34] [35] [36] [37] [38] in four dimensions where r 0.1 for the ξ ∼ O(1), our r can be as small as 10 −12 safely inside Planck 2015 TT, TE, EE + lowP bound r 0.1 for extra dimension scale around TeV scale. Recall that the field excursion during inflation is roughly 5M 4 for all extra dimension scale, it explicitly evades the usual argument of the Lyth bound that a super-Planckian field excursion during inflation corresponds to an observable tensor-to-scalar ratio. The Lyth bound is modified in the presence of extra dimension in our model
With decreasing the extra dimension scale, the tensor-toscalar ration can be actually dragged down to the unobservable level even if the field excursion during inflation is super-Planckian.
V. GOING BEYOND TREE-LEVEL ANALYSIS
In the last section we see that for Higgs inflation to take place in the GB regime, the extra dimension scale is below the inflationary Hubble scale. Thanks to the fact that the masses of extra KK modes are larger than the inflationary Hubble scale, the flatness of inflationary potential is preserved since these heavy KK modes certainly cannot be excited at external legs and any contributions from these heavy KK modes running in the loop are suppressed by their masses in the propagators. When going beyond tree-level analysis of the renormalizationgroup(RG)-improved effective potential, we can actually follow the methods [7, 8, [63] [64] [65] developed in the fourdimensional Higgs inflation. The net effect of adding the extra dimension to Higgs inflation is the change of normalization condition (26) for scalar spectrum amplitude due to the modified FRW equation (10) at the background level. We present below the procedures to carry out the predictions of ξ, λ, n s , α s and r at inflationary scale with respect to the top quark mass for a given Higgs mass at electroweak scale and an extra dimension scale.
First, the initial conditions atμ = m t for the MS SM couplings are taken from [66] , which are repeated here for convenience: pendix of Ref. [7] . We omit here the complete expressions for these RG equations. However, it is worth noting that the s factor [63, 65] 
we obtain the RG improved effective potential U eff (χ(h)) = U 0 (χ(h)) + U 1 (χ(h)) where χ(h) is the solution of field redefinition (20) . Finally, the initial value ξ 0 = ξ(m t ) can be fixed by matching the Planck normalization (26) with U (χ) replaced by U eff (χ). To be more specific, for given input parameters of m h , m t , α s (m Z ), ξ 0 and extra dimension scale µ, we compute the initial conditions and then solves RG equations to get the running coupling and anomalous dimension. We then compute the effective potential and scalar spectrum amplitude. Repeat above procedure by choosing different ξ 0 until the Planck normalization is fulfilled. Once the ξ 0 is determined, we can follow the above procedures once again to obtain ξ inf = ξ(h N ), λ inf = λ(h N ) at e-folding number N = 60. We can also obtain the corresponding values for n s and r with U (χ) replaced by U eff (χ).
In Fig. 5 , with input Higgs mass m h = 125.66 GeV, we present the numerical results of the nonminimal coupling ξ inf , Higgs quartic coupling λ inf , scalar spectral index n s and tensor-to-scalar ratio r during inflation with respect to the top quark mass. The extra dimension scale is 10 TeV for the blue region and 50 TeV for the red region respectively, where the 1σ uncertainties are mainly from strong coupling α s along with other theoretical uncertainties from the threshold corrections (48) and (49) . During inflation, the nonminimal coupling ξ inf O(0.1) and the Higgs quartic coupling λ inf O(0.01). The inflationary predictions of n s and r remain the same as the tree-level results.
We also find the following upper bound for the top quark mass as the function of the Higgs mass and strong coupling and other theoretical uncertainties when the extra dimension scale is fixed at µ = 50 TeV,
In Fig. 6 , we present the allowed region in m h − m t plane for our model, where the 1σ uncertainties from the strong coupling α s along with other theoretical uncertainties from the threshold corrections having been properly accounted for. We also provide the upper bound set by four-dimensional Higgs inflation and the experimental constraint on m t and m h for comparisons. We find that with increasing the energy scale of the extra dimension, the upper bound of the top quark mass of our model will approach toward to those in four-dimensional Higgs inflation. Therefore the stability problem still insists as in the four-dimensional Higgs inflation although the unitarity problem is indeed solved.
Fortunately the first nonzero KK mode appears above the inflationary scale although the extra dimension scale can be as low as TeV scale, therefore adding extra dimension only changes the background dynamics of the universe without jeopardizing the low-energy particle physics. To solve the stability problem, one could follow in the same spirit of stabilizing the SM effective potential and further generalizations of our model should be considered. For example, it was found in [13] [14] [15] that a TeV scale type III seesaw mechanism can simultaneously account for the neutrino oscillations and stabilize the SM effective potential without introducing any additional scalar fields. Therefore, the Higgs inflation in the Gauss-Bonnet braneworld can be self-consistent up to the inflationary Hubble scale which is free of the unitarity problem and stability problem. Although shift symmetry may still be needed to preserve the flatness of the potential above inflationary scale, which is a common problem shared by many other inflation models, Higgs inflation in the Gauss-Bonnet braneworld might be more convenient to be embedded into underlying UV theories.
VI. CONCLUSIONS
In this paper, we realize Higgs inflation in the fivedimensional Gauss-Bonnet braneworld scenario. We find that, for Higgs inflation to take place in the GB regime, the extra dimension scale must be in the range between the TeV scale and the instability scale of SM. Furthermore, the intriguing improvement of many orders of magnitude for λ/ξ 2 with decreasing the extra dimension scale comes as a nice surprise. For the extra dimension scale around the experimentally interesting TeV scale, the nonminimal coupling can be made of order ξ ∼ O(1) for the Higgs quartic coupling λ ∼ O(0.1). The predicted scalar spectral index 0.960 n s 0.968 and its running −0.0008 α s −0.0005 are well inside the Planck 2015 constraints on inflation. Unlike the critical Higgs inflation, the tensor-to-scalar ratio r ∼ 10 −12 is safely inside Planck 2015 TT, TE, EE + lowP bound r 0.1. We also investigate the inflationary predictions beyond tree-level analysis and find that the predictions remain almost the same as the tree-level results. However, to avoid the stability problem, one has to follow in the same spirit of stabilizing the SM effective potential by using, for instance, the TeV scale type III seesaw mechanism.
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